Pitaya is a crassulacean acid metabolism (CAM) plant that is normally grown in subtropical regions, but it would be useful to cultivate this crop in temperate regions. In this study, we measured concentrations of organic acids and carbohydrates, and activities of the enzymes phosphoenolpyruvate carboxylase (PEPC), malic enzyme (ME), and malate dehydrogenase (MDH) in pitaya grown in a temperate zone, and compared the diurnal changes in these components between winter and summer. In summer, the diurnal changes in malate, citrate, and starch in pitaya were typical of starch-using CAM plants. Activities of PEPC and ME also showed typical CAM-type diurnal patterns in summer. In particular, changes in ME activity were closely associated with changes in malate content. In winter, changes in malate content showed a typical CAM pattern, although the amount accumulated was only half of that accumulated in summer, however, the citrate content in winter remained at an almost constant low level throughout the day. PEPC and ME activities were almost constant through the day in winter, however, PEPC activity in winter was similar to its minimum level in summer, whereas ME activity in winter was similar to its maximum level in summer. MDH activity was higher in summer than in winter, but there was no distinct diurnal pattern observed in either summer or winter. These results suggest that pitaya shows normal photosynthesis and metabolism in summer. In winter, however, malate accumulation is restricted, result in decreased concentrations of downstream products and metabolites. This may be because of decreased PEPC activity and increased ME activity during the night in winter. Our results suggest that temperature is not the only factor that affects CAM in this plant, because the summer temperature in this study was similar to the winter temperature in our previous study, which was carried out in a subtropical region (Ishigaki Island). Furthermore, diurnal profiles of metabolites and enzyme activities in both regions were similar in summer and winter; therefore, daylength may also be an important environmental factor.
Introduction
Pitaya, or dragon fruit (Hylocereus undatus Britt & Rose), belongs to the Cactoideae sub-family in the Cactaceae (Morton, 1987) , and the production is increasing. In Japan, the major production area is Okinawa Prefecture, which lies within a subtropical climate zone, however, pitaya can withstand temperatures above approximately −2°C (Thomson, 2002) . So, it could be cultivated in warm temperate zones in unheated plastic greenhouses if an appropriate management system is developed. As well, winter temperatures are gradually increasing in some parts of Japan as a result of global warming. In this study, we aimed to clarify aspects of the physiology of pitaya in winter. Such information can be used to develop appropriate management systems for growing pitaya in temperate regions, such as the warm temperate zones in Japan, where summer temperatures are the same as in subtropical regions.
Pitaya has crassulacean acid metabolism (CAM)-type photosynthesis (Nobel and Barrera, 2002; Raveh et al., 1995) . Most CAM plants originate from tropical or subtropical regions, so there are only few reports on seasonal changes in their physiology. Effects of some environmental factors, such as temperature and light, have been investigated under controlled conditions (see reviews of Lüttge, 2004 Lüttge, , 2006 , however, the effects of such changes on field-grown plants under natural 136 conditions are poorly understood.
CAM plants fix CO 2 into oxaloacetatic acid via phosphoenolpyruvate carboxylase (PEPC, EC4.1.1.31) and then, by the action of malate dehydrogenase (MDH, EC1.1.1.37), convert it into malate, which is accumulated in the vacuole during the night. During the following day, CO 2 is released from malate by malic enzyme (ME, EC 1.1.1.39 and EC 1.1.1.40) or by phosphoenolpyruvate carboxykinase (PEPCK, EC 4.1.1.49) via oxaloacetate. The liberated CO 2 is assimilated into the Calvin cycle, and the remaining C 3 compound is reused to generate temporary storage carbohydrates that are used the following night. CAM plants can be divided into two groups according to their major decarboxylation enzyme, ME-type and PEPCK-type. Moreover, both types are further divided into two groups on the basis of their temporary storage carbohydrates; starch-type and hexose-type (Christopher and Holtum, 1996) . Previously, we have investigated basic photosynthetic properties and seasonal variation of pitaya grown in Ishigaki Island, a subtropical region in Japan (Yonemoto et al., 2009) . We found that pitaya is a starch-using ME-CAM type and that sucrose is the loading sugar. Moreover, lower enzyme activities in winter suppressed malate metabolism, which resulted in malate and citrate contents in winter being only 50% of their respective summer values. We also found no diurnal changes in these compounds during winter, which probably resulted from the lower enzyme activities of PEPC and ME. However, the minimum temperature in winter in Ishigaki was approximately 21°C, which was similar to the optimum night temperature of 20°C (Nobel and Barrera, 2002; Raveh et al., 1995) , therefore, it is still unclear whether the decreased enzyme activities were caused by low temperature alone. In this study, we determined whether and to what extent temperature affects the physiological properties of pitaya grown in uncontrolled conditions in Kobe, a temperate area in Japan.
Materials and Methods

Plant material
We used five 3-year-old white pitayas (Hylocereus undatus Britt & Rose) for these experiments. Plants were cultivated in 50 L pots in an unheated glasshouse at Kobe University, Japan (34°43'N, 35°14'E). Water was supplied every 2 days from May to September and every week from October to April. Fertilizer was applied each month using an adequate amount of commercial organic fertilizer. On July 6 and December 12, 2007, sampling was carried out every 4 h for 24 h from 8:00 until 8:00 the following day. Sampling was conducted as follows: three out of the five plants were arbitrarily selected and stem pieces (approximately 5 cm length) were cut from one-year-old stems. Two of the three plants differed from those used in previous samplings, and stem pieces were not obtained from stems that had been sampled previously. After removing the vascular cylinder, the parenchyma and chlorenchyma tissues were immediately cut into small pieces (approximately 5 mm square) without separation and were frozen in liquid nitrogen. All material was stored at −80°C until use. Air temperatures were measured at each sampling time (Fig. 1) . The weather on both experimental days was fine. Sunrise and sunset times on each experimental day were obtained from the Japan Hydrographic and Oceanographic Department website (http://www1.kaiho. mlit.go.jp/KOHO/automail/sun_form3.htm, September 29, 2009).
Measurements of organic acids, sucrose, and starch contents Organic acids, sucrose, and starch contents were measured as described previously (Yonemoto et al., 2009) . Briefly, organic acids and sucrose were coextracted with 80% ethanol from 3 g mesophyll tissue. Organic acids were analyzed using a high performance liquid chromatograph (HPLC, Shimadzu Co., Ltd., Kyoto, Japan) equipped with a COSMOSIL 5C 18 -PAQ column (Nacalai Tesque, Kyoto, Japan). Elution was carried out with 2 mM H 2 SO 4 at a flow rate of 0.5 mL·min −1 at 40°C, and products were detected using the bromothymol blue post-column method (Wada et al., 1984) . Sucrose content was determined with the same HPLC system equipped with a Sugar-D column (Nacalai Tesque) and a refractive index meter detector (RI-8020, Tosoh, Tokyo, Japan). Elution was carried out with 75% CH 3 CN at a flow rate of 1 mL·min −1 . Injection volume was 10 μL extract. Starch was extracted from the residual pellet obtained above with 10 mL 30% (v/v) perchloric acid. After the sample's pH was adjusted to 4.8, 0.2 mL sample solution was digested with 5 U glucoamylase at 45°C for 4 h. The starch content was calculated from the measured glucose content of the digest using F-kit glucose (Boehringer Mannheim, Germany). 
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Enzyme extraction and assay method Each material was ground in liquid nitrogen and vigorously mixed with 20 volumes extraction buffer [0.2 M Tris-HCl buffer, pH 8.0, containing 10 mM 2-mercaptoethanol, 1 mM EDTA, 10 mM MgCl 2 , 0.1% (w/v) BSA] and protease inhibitor cocktail (Nacalai Tesque). The homogenate was centrifuged (2,300 × g, 10 min) and the supernatant was used for PEPC and ME assays. To measure MDH activity, the supernatant was first dialyzed against 0.1 M Tris-HCl buffer, pH 8.0, containing 10 mM 2-mercaptoethanol, 1 mM EDTA, and 10 mM MgCl 2 .
All enzyme activities were measured spectrophotometrically by following the change in absorbance at 340 nm caused by redox of NAD(P) ↔ NAD(P)H at 25°C. For PEPC, the standard 1 mL assay mixture consisted of 0.2 M HEPES buffer (pH 7.0) containing 10 mM MnCl 2 , 10 mM 2-mercaptoethanol, 1 mM EDTA, 10 mM NaHCO 3 , 0.2 mM NADH, 3 U malate dehydrogenase, and 2 mM phosphoenolpyruvate. For ME, the standard 1 mL assay mixture consisted of 0.2 M MES buffer, pH 6.5, containing 10 mM 2-mercaptoethanol, 1 mM EDTA, 10 mM MgCl 2 , 0.5 mM NADP, and 5 mM malate. For MDH, the standard 1 mL assay mixture consisted of 0.2 M Tris-HCl buffer, pH 8.0, containing 10 mM 2-mercaptoethanol, 1 mM EDTA, 0.2 mM NADH, and 1 mM oxaloacetate. One unit of each enzyme was defined as the amount catalyzing the change of 1 μmol NADP or NADH per minute.
Results
Diurnal changes in malate and citrate
In summer, the diurnal change in malate content was typical of CAM plants; malate content decreased during the day and increased during the night ( Fig. 2A) . Malate content was lowest at dusk (16:00) and highest in the morning (8:00). Malate content showed a similar trend in winter, although the maximum value was half of that in summer, the minimum value was almost the same, and only a small increase was observed at 20:00. In summer, citrate content showed the same trend as malate content. Citrate content was lowest at midnight and highest in the early morning (4:00). In winter, the citrate content was almost constant during the day, and the total amount was considerably lower than in summer (Fig. 2B ).
Diurnal changes in starch and sucrose
In summer, diurnal changes in starch and malate content showed opposite patterns, i.e., starch increased during the afternoon, peaked at 16:00, and decreased during the night (Fig. 3A) . In winter, there was no clear accumulation of starch during the day, and starch content peaked at midnight. Sucrose content showed a diurnal pattern in summer, decreasing during the night and maintaining a constant level during the day (Fig. 3B) . In winter, sucrose content was approximately half of the constant daytime level in summer, and remained almost constant during the day. Diurnal changes in enzyme activities PEPC activity showed a typical CAM pattern in summer (Fig. 4A ), but did not reflect the change in malate content, that is, PEPC activity increased during the day, peaking at 20:00 when malate content was lowest. PEPC activity decreased to its minimum at 8:00 when malate content was at its peak. In winter, PEPC activity was almost constant throughout the day. ME activity showed a typical diurnal pattern in summer. It increased during the day (peak at 16:00) and decreased during the night (Fig. 4B ). This pattern of activity did not occur in winter, but activity was higher than during the day in summer. MDH activity did not show a diurnal pattern in summer or winter. Activity was almost constant during the day in both seasons, except at 12:00 (Fig. 4C) . MDH showed maximum activity at 12:00 in summer, but minimum activity at 12:00 in winter. MDH activity was consistently higher in summer than in winter.
Kinetic properties of ME and MDH Table 1 shows the K m values of ME for malate and of MDH for malate and oxaloacetate (OAA). MDH shows very different affinities for the two substrates; affinity for oxaloacetate is 100-fold greater than for malate. ME has about 10-fold stronger affinity than MDH for malate. Kinetic properties of both enzymes were the same in summer and winter.
Discussion
The physiological properties of pitaya differed significantly between summer and winter. In pitaya grown in summer, the change in malate content corresponded to the change in starch content. This indicates that released CO 2 derived from malate is assimilated into the Calvin cycle and stored as starch. This starch may be loaded as sucrose after degradation during the night, because the loading sugar of pitaya is sucrose (Yonemoto et al., 2009 ). The change in malate content was consistent with the change in ME activity, indicating that ME is the major decarboxylating enzyme. These results support our previous findings that pitaya is a starch-using ME type (Yonemoto et al., 2009 ) among the four possible CAM types (Christopher and Holtum, 1996) . Malate and starch contents were the only factors showing a diurnal pattern in pitaya grown in winter. Malate content showed a typical CAM pattern, but the maximum amount was half of that in summer, and there was a small increase at 20:00. The lower level of malate accumulated in winter may be due to decreased PEPC activity. It is likely that the low starch content during the afternoon resulted from decreased accumulation of malate, not from increased ME activity during the day, because the base level of ME activity was higher than the maximum level in summer. These results indicate that pitaya has less ability to fix CO 2 in winter.
In pitaya grown in summer, citrate content showed the same clear diurnal pattern as malate. Although citrate is assumed to be an energy source rather than to have a carbon-saving role (Lüttge, 1988) , its true function remains ambiguous because the diurnal rhythms differ among plant species. For example, citrate contents in Kalanchoë pinnata and Kalanchoë daigremontiana increase slightly at night, while citrate content in Ananas comosus does not change significantly during the day (Chen and Nose, 2004) . Haag-Kerwer et al. (1992) reported that citrate content in Clusia minor L. was affected by light intensity; that is, high light intensity In pitaya grown in summer, PEPC exhibited a typical CAM pattern and ME showed a clear diurnal rhythm. In winter, however, neither PEPC nor ME showed clear diurnal rhythms. In winter, ME activity was higher than in summer throughout the day, whereas in winter, PEPC activity decreased to approximately 20% of its maximum summer value. The low accumulation of malate in winter can be attributed largely to low PEPC activity, not to high ME activity, because citrate content in winter also decreased markedly. There was no clear diurnal pattern in MDH activity in summer or winter, but there was a clear difference in activity at midday in both seasons a peak of activity in summer and a trough in winter. Judging from the K m values of MDH for OAA and malate, the reaction inclines towards malate synthesis. However, in vivo, MDH is assumed to contribute to the reverse reaction, i.e. OAA synthesis may have a role in the TCA cycle during the day, because OAA is required as a substrate for malate synthesis and ME activity is high at 12:00. Since OAA is an intermediate and/or a starting material for many substances, such as some amino acids, the produced OAA would be converted immediately into the next substance, or translocated to other organelles. As a result, the equilibrium of malate ↔ OAA may incline towards OAA synthesis rather than the theoretical value. On the other hand, MDH activity may have decreased at 12:00 in winter to prevent wasting OAA, that is, because the low malate content was insufficient as a supply of substrate, the reaction inclined to OAA degradation (malate synthesis). In this study, MDH is a mixture of mitochondrial and cytosolic enzymes because we did not separate organelles. Further studies on the factors that regulate MDH activity are required to clarify malate metabolism.
One interesting point is the inconsistency between changes in malate content and PEPC activity in summer. Maximum malate content occurred 12 h after maximum PEPC activity. A similar phenomenon was reported for K. pinnata (Theng et al., 2007) , but the reason for this was not discussed. Theoretically, in CAM plants, both malate content and PEPC activity have maximum values at similar times during the night. In pitaya, however, PEPC activity increased during the day and maximum activity occurred at dusk (20:00) when malate content started to increase. High PEPC activity during the day could result in a futile cycle, or constant recycling (Lüttge, 2006) , because stomatal closure would prevent incorporation of atmospheric CO 2 , however, malate content did not increase during the day, indicating that PEPC may supply OAA to the anaplerotic reaction. In CAM plants, at least two kinds of PEPC are present; CAM-related and housekeeping or anaplerotic (Vassen et al., 2006) , however, enzyme assays do not distinguish between the sources of activity. Thus, increased PEPC activity during the day may be due to increased activity of the anaplerotic enzyme. At this stage, it is unclear why malate content increased while PEPC activity remained low, and why malate content did not increase during the night in winter (24:00-8:00) when PEPC activity was similar to that in summer. It is likely that there are elaborate regulation systems for these enzymes. The regulation of PEPC has been well researched (Nimmo, 2000) , but the regulation and/or expression of ME and MDH are poorly understood. Comprehensive analyses of the interactions among these enzymes and their metabolites will help to clarify malate metabolism in CAM plants.
Taking into account the results of our previous study carried out in a subtropical region (Yonemoto et al., 2009) , the diurnal patterns in both regions were similar in summer and winter, respectively. Values of all measured parameters were similar in winter, except for sucrose contents, which fluctuated between 2 and 3 mg·g −1 FW in Ishigaki (Yonemoto et al., 2009 ). In contrast, citrate, starch and sucrose contents differed between Ishigaki and Kobe in summer. In Ishigaki, the maximum citrate content was approximately 40 mg·g −1 FW, which was half the value measured in Kobe. In pitaya grown in Ishigaki, the maximum starch and sucrose contents were approximately 20 and 3.5 mg·g −1 FW, respectively, much higher than in Kobe. Because citrate is an energy source, and starch and sucrose are storage and loading sugars, respectively, this result implies that pitaya plants in Kobe may require more energy, whereas those in Ishigaki may require more storage material.
Generally, lower night-time and higher day-time temperatures favor CAM (Lüttge, 2004 (Lüttge, , 2006 . In pitaya, the optimum day/night air temperature for CO 2 uptake are 30/20°C Barrera, 2002, 2004) , and extremely high summer temperatures inhibit growth (Nerd et al., 2002) . In the present study, the summer temperatures were assumed to be almost ideal, although the highest temperature was probably higher than ideal. In winter, the average temperature was about 10°C lower than in summer. Carter et al. (1995) reported that in vitro, low temperatures stabilize the phosphorylated forms of enzymes and that high temperatures accelerate dephosphorylation. Pitaya tolerates temperatures as low as −2°C (Thomson, 2002) , but this may represent the survival limit, not the normal growth limit. Thus, it is possible that other physiological properties of pitaya are affected by low temperatures around 10°C; for example, temperature, air humidity and stomatal opening are closely correlated (Lüttge, 2004) . Low night temperatures in winter may maintain air humidity and suppress stomatal opening, resulting in CO 2 fixation and a decrease in malate synthesis. However, in this study, we did not measure stomatal conductance and did not strictly regulate irrigation. Thus, to prove the above hypothesis, the contribution of stomatal conductance and/or soil water content in winter should be determined. Light may be another important factor. Pitaya does not require high photosynthetic photon flux density (PPFD) and photoinhibition occurs at a PPFD of 20 mol·m −2 ·day −1 (Nobel and Barrera, 2004) . Adequate shading is required for optimum growth of Hylocereus polyrhizus (Raveh et al., 1998) . These results indicate that light intensity may be sufficient for photosynthesis in pitaya even in winter, however, light (or photo) intensity and daylength are different factors, that is, in winter, the day length may be below a critical limit for normal growth. To clarify this point, the relationships between the light period and photosynthetic properties should be investigated.
Literature Cited
